Understanding the protective role of fish skin is critical to improving the development of aquaculture, since skin is the main surface that separates the animal from its always hazardous environment. Many techniques have been used for its study, but certain structural characteristics of fish skin still remain not clearly understood. That is the case with scales, which have always been attributed a mere protective role, but which are proving to have more functions than it was traditionally thought. To acquire a deeper knowledge, scales from six different regions of gilthead seabream (Sparus aurata L.) were studied and measured by image analysis. Results prove that scales from the base of the dorsal fin are larger than those in other parts of the fish body while scales from the peduncle are the smallest of the skin. Furthermore, a technique relatively new in this field, known as atomic force microscopy (AFM), was used to obtain representations of the ultrastructure of the scales and measure certain features such as the circuli and the lines in the basal layer. The data obtained allowed us to compare the height of circuli among the different scales, showing that they were higher in scales from the dorsum and the operculum. The present results introduce a nanostructural model of the scales of gilthead seabream that might serve as a useful guideline for future studies.
Introduction
With the development of modern aquaculture, further understanding of fish skin is proving critical to managing fish health in intensive farming facilities [1] , since the high density of fish inside the cages or tanks implies frequent aggression, which usually leads to problems in the skin [2] . To keep skin damage to a minimum, and therefore maintain the health of the animals, it is vital to improve our knowledge of the structure of the organ and the mechanisms involved in its protection. One of the most relevant mechanical defensive structures of the skin is the scale, which is embedded in a pocket of dermis that invades the epidermis [3, 4] . Scales are a type of hard plates which developed over evolution in many bony fishes to provide protection against external hazards, without compromising the necessary range of movements of the animals [5, 6] . They also play a crucial role in maintaining the structure of the upper layers of skin [7] .
Fish scales can have different shapes, depending on the species, but they usually have a standard composition based on collagen and hydroxylapatite [8] . The most common type of scales in teleost fish is elasmoid scales, which derive phylogenetically from the ganoid scales of species like sturgeons [9, 10] teleost fish is elasmoid scales, which derive phylogenetically from the ganoid scales of species like sturgeons [9, 10] and overlap obliquely from head to tail [11] . Elasmoid scales can be classified in cycloid and ctenoid [12] , with both types having the same mineral composition consisting of three layers: the basal plate formed by elasmodin, the external layer composed by a network of interwoven collagen fibrils, and the limiting layer, which is a hyper-mineralized tissue similar to enamel [13] . In the limiting layer, there are several wrinkles, known as radii, which spread from the focus or center of the scale towards the rostral field. Other structures present in the scale surface are the circuli, which are ridges disposed parallel to the outer rim which cross the radii perpendicularly [14, 15] . The former are lines of poorer ossification where the basal layer is exposed, which presumably confers more flexibility to the scale [16] , while the latter are periodical deposits that form as the scale grows bigger [17] , possibly starting at a daily ratio, and slowing down as the fish gets older [18] .
In this work, we aimed to compare the appearance and morphology of scales from six different regions of the skin, resembling other studies which also tried to find differentiating features among skin from different body regions [19] [20] [21] [22] . Given that different parts of the body are allegedly exposed to different motion requirements, we expected scales to vary in size across different parts of the skin [9] .
Additionally, this study aimed to analyze, for the first time, fish scales using atomic force microscopy (AFM) to characterize their structure at a micrometric level. AFM is a microscopy technique consisting of a tip of nanometric diameter that scans the surface of a sample, detects the height of every bit of its surface and elaborates a precise 3D topographical map with the resulting data [23] [24] [25] . Microscopic study of scales is proving useful for species identification and even sex differentiation [26] , but the techniques employed to date might present some flaws. One of the main advantages that AFM presents, compared to other techniques like electron microscopy, is the possibility of analyzing biological structures with no need for previous transformation [27, 28] , which is why it has proved ideal for the study of fresh scales. We expected to visualize the circuli of the scales and measure their height. Furthermore, we studied the parts of the scale devoid of macroscopic features, such as the focus and the internal side, in order to define their structure.
For this work, we decided to analyze scales of gilthead seabream (Sparus aurata L.), which is a highly produced species worldwide [29] and has an important background in science, being frequently used as a model for the study of teleost skin [22, 30] .
Results

Study of Scales from Different Regions with Light Microscope
Scales from six regions of the skin of gilthead seabream were analyzed by light microscopy and AFM. The different regions were chosen to be far enough from each other to avoid overlapping, and also to provide a representative view of all the scales (Figure 1 ). Region 1 was situated caudo-dorsally to the operculum and cranial to the base of the dorsal fin. Region 2 was at the base of the dorsal fin. Regions 3 and 4 were at the end of the dorsal and anal fins respectively, in the caudal peduncle. Region 5 mirrored region 2 and it was located at the insertion of the anal fin. Region 6 was delimited by a triangle formed by the lower part of the operculum and the bases of the pectoral and pelvic fins [31] . The Leica light microscope allowed us to obtain an amplified vision of scales and helped the visualization of their surface and the measurement of their size. Like other members of the Sparidae family, gilthead seabream has ctenoid scales on its skin [32] , which usually have protrusions on their caudal field. In this case, no cteni were appreciated, probably due to the young age of the studied specimens. Scales from regions 1, 2 and 5 showed an enlarged shape, much wider than longer, while the other scales (scales from regions 3, 4 and 6) had a more rounded appearance (Figure 2a) .
The Leica light microscope allowed us to obtain an amplified vision of scales and helped the visualization of their surface and the measurement of their size. Like other members of the Sparidae family, gilthead seabream has ctenoid scales on its skin [32] , which usually have protrusions on their caudal field. In this case, no cteni were appreciated, probably due to the young age of the studied specimens. Scales from regions 1, 2 and 5 showed an enlarged shape, much wider than longer, while the other scales (scales from regions 3, 4 and 6) had a more rounded appearance (Figure 2a) .
Visual detection of radii and circuli was also possible in most of the scales analyzed. In the studied specimens radii and circuli only remain visible in the outermost rim of the scale, being absent in most of the surface of the scale (Figure 2b) , which is compatible with some degree of resorption as the scale grows larger [32, 33] . When the size of scales from the different skin regions was compared, significant differences in the width and the total area were found, as shown in Figure 3 . Differences in scale length, however, were not significant among regions. Regarding the width, scales from region 2 were significantly bigger than those from regions 3, 4 and 6. Measurements of the areas showed similar results, with the scales from region 2 being statistically larger than scales from regions 4 and 6, although no statistical differences were found with other regions. Altogether, these findings showed that scales from region 2 of the skin, which is on the back of the fish under the dorsal fin, are the largest of all the regions measured.
On the other hand, scales from region 4 have the shortest width and the smallestarea, being statistically smaller in both cases than regions 2 and 5. Visual detection of radii and circuli was also possible in most of the scales analyzed. In the studied specimens radii and circuli only remain visible in the outermost rim of the scale, being absent in most of the surface of the scale (Figure 2b ), which is compatible with some degree of resorption as the scale grows larger [32, 33] .
When the size of scales from the different skin regions was compared, significant differences in the width and the total area were found, as shown in Figure 3 . Differences in scale length, however, were not significant among regions. Regarding the width, scales from region 2 were significantly bigger than those from regions 3, 4 and 6. Measurements of the areas showed similar results, with the scales from region 2 being statistically larger than scales from regions 4 and 6, although no statistical differences were found with other regions. Altogether, these findings showed that scales from region 2 of the skin, which is on the back of the fish under the dorsal fin, are the largest of all the regions measured.
On the other hand, scales from region 4 have the shortest width and the smallestarea, being statistically smaller in both cases than regions 2 and 5. 
Study of Scales with Atomic Force Microscopy
The circuli of the rostral field were scanned via AFM, showing their structure with great deal of detail and allowing the measurement of their height (Figure 4 ). Micron order heights were observed on the circuli of every region, which increased as we approached the scale edge. The height of circuli spanned from 1 to 4 µm, and it was compared between the six different regions analyzed. The scales from regions 2 and 6 were significantly higher than those from regions 4 and 5, and also from region 3 in case of the circuli from region 2 ( Figure 5 ). Width of the same circuli was more variable, and spanned from 15 to 25 µm. 
The circuli of the rostral field were scanned via AFM, showing their structure with great deal of detail and allowing the measurement of their height (Figure 4 ). Micron order heights were observed on the circuli of every region, which increased as we approached the scale edge. The height of circuli spanned from 1 to 4 µm, and it was compared between the six different regions analyzed. The scales from regions 2 and 6 were significantly higher than those from regions 4 and 5, and also from region 3 in case of the circuli from region 2 ( Figure 5) . Width of the same circuli was more variable, and spanned from 15 to 25 µm. 
The circuli of the rostral field were scanned via AFM, showing their structure with great deal of detail and allowing the measurement of their height (Figure 4 ). Micron order heights were observed on the circuli of every region, which increased as we approached the scale edge. The height of circuli spanned from 1 to 4 µm, and it was compared between the six different regions analyzed. The scales from regions 2 and 6 were significantly higher than those from regions 4 and 5, and also from region 3 in case of the circuli from region 2 ( Figure 5) . Width of the same circuli was more variable, and spanned from 15 to 25 µm. When focusing on the scale, the surface was more disorganized than in the rostral field and lacked any apparent organization. The tips near the focus reached heights commonly below 3 µm, probably as a result of focal resorption [33] , or even of nucleus regeneration due to scale loss due to their rapid growth and mineralization [34] . This process of scale regeneration has also been studied in gilthead seabream by light microscopy and microarray [35] . On the other hand, it has to be taken into account that the process of scale damage or loss is very frequently observed in farmed fish, due to the high density of animals within the tank [33, 36] .
The internal side of the scales was also scanned with the AFM and the images showed an almost smooth surface with small depositions of material between 0.1 and 0.7 µm high that formed parallel lines oriented caudo-rostrally. Crossing those lines, there were subtle depressions that corresponded to the impression of the circuli from the opposite side ( Figure 6 ). 
Discussion
The measurement of scales with light microscopy revealed that scales were larger in the middle part of the body, with the scales from the base of the dorsal fin larger than those from the ventral side, while the smallest scales were found in the peduncle. This could be due precisely to the mobility of the regions; while the central parts of the skin might be more static, the tail is in constant movement, and needs to bend more often and more acutely, so smaller scales could be an advantage in the tail region. This is also in agreement with the finding of different scale morphologies depending on the skin region, which has been noted in other fish species [37] . When focusing on the scale, the surface was more disorganized than in the rostral field and lacked any apparent organization. The tips near the focus reached heights commonly below 3 µm, probably as a result of focal resorption [33] , or even of nucleus regeneration due to scale loss due to their rapid growth and mineralization [34] . This process of scale regeneration has also been studied in gilthead seabream by light microscopy and microarray [35] . On the other hand, it has to be taken into account that the process of scale damage or loss is very frequently observed in farmed fish, due to the high density of animals within the tank [34, 36] .
The internal side of the scales was also scanned with the AFM and the images showed an almost smooth surface with small depositions of material between 0.1 and 0.7 µm high that formed parallel lines oriented caudo-rostrally. Crossing those lines, there were subtle depressions that corresponded to the impression of the circuli from the opposite side ( Figure 6 ). When focusing on the scale, the surface was more disorganized than in the rostral field and lacked any apparent organization. The tips near the focus reached heights commonly below 3 µm, probably as a result of focal resorption [33] , or even of nucleus regeneration due to scale loss due to their rapid growth and mineralization [34] . This process of scale regeneration has also been studied in gilthead seabream by light microscopy and microarray [35] . On the other hand, it has to be taken into account that the process of scale damage or loss is very frequently observed in farmed fish, due to the high density of animals within the tank [33, 36] .
The measurement of scales with light microscopy revealed that scales were larger in the middle part of the body, with the scales from the base of the dorsal fin larger than those from the ventral side, while the smallest scales were found in the peduncle. This could be due precisely to the mobility of the regions; while the central parts of the skin might be more static, the tail is in constant movement, and needs to bend more often and more acutely, so smaller scales could be an advantage in the tail region. This is also in agreement with the finding of different scale morphologies depending on the skin region, which has been noted in other fish species [37] . 
The measurement of scales with light microscopy revealed that scales were larger in the middle part of the body, with the scales from the base of the dorsal fin larger than those from the ventral side, while the smallest scales were found in the peduncle. This could be due precisely to the mobility of the regions; while the central parts of the skin might be more static, the tail is in constant movement, and needs to bend more often and more acutely, so smaller scales could be an advantage in the tail region. This is also in agreement with the finding of different scale morphologies depending on the skin region, which has been noted in other fish species [37] .
Atomic Force Microscopy was also used for the study of scales. The AFM scans the surface of the sample using a silicon tip of nanometric diameter. This ability to "touch" instead of "see" the sample provides many advantages, such as perceiving the surface as it really is and not as it looks like, allowing the detection of features that might be invisible using other techniques [25] . Moreover, the AFM allowed us to work with almost unaltered samples, which were kept wet, in similar conditions to physiological ones, allowing us to obtain high-resolution images and 3D representations. This is an advantage compared to other techniques such as electron microscopy, which, although it is also useful for the study of micrometric structures, requires a previous transformation of the sample that involves desiccation and mounting, plus the need to work in vacuum conditions, which unavoidably alters its physiological conformation [38] . Confocal microscopy was also considered for this study, but the need for a precise fluorescent dye and the apparent absence of any literature regarding the measurement of dyed structures in fish scales made this technique quite challenging. Moreover, fluorescence might not cover the whole structure of the sample which could imply errors in the measurements, while AFM measures the actual surface with great precision.
The images obtained showed the surface features of both the external and internal sides of cycloid scales of gilthead seabream. In the external side, the height of the circuli proved to be in the micron order scale, varying depending on the distance to the edge to up to 4 µm and varying depending on the region, while the more disorganized prominences from the focus of the scale were commonly below 3 µm. On the internal side, low (0.1-0.7 µm) parallel lines were found oriented caudo-cranially, which probably corresponded to deposits of orthodentin constituting the limiting layer [15] .
Study of fish scales has gained importance in recent years as these structures are proving to be a good indicator of the animal life-style, not to mention they are a source of inspiration for new synthetic materials [39] [40] [41] . Furthermore, their extraction does not cause any considerable damage to the individuals, since it can be done in low stress conditions and thus not cause a notable alteration of their health status [42] . For instance, some authors have been able to distinguish farmed from wild fish just by comparing their scales [38, 43] , which also applies to small-scale fisheries management [44] . Moreover, scales were found to be reservoirs of calcium [45] and cortisol, suggesting that they could be a tool to measure stress over time [46] . Other studies found a correlation between the growth rate of certain fish species and the uptake of glycine in their scales [47] . Learning how to obtain as much information as possible from fish scales could be advantageous at many levels. This work presents a general overview of the scales of gilthead seabream and suggests the use of scales from the dorsal region to perform morphological analysis, due to their bigger size, while scales from other regions could be considered for other purposes. The images obtained provide further knowledge about the scales of gilthead seabream that could be used for identification and classification. Although this study was conducted on specimens of small size, it provides useful information on the species. In the future, the technique should be applied on fully grown individuals of the same as well as related species for comparative purposes. We also introduced a highly specialized technique, the atomic force microscopy, which in the current work was proved to be very useful inanalyzing the ultrastructure of fish scales, thus offering many possibilities in the present field of study that will surely be explored in future research.
Materials and Methods
Three specimens of the hermaphroditic protandrous teleost gilthead seabream (S. aurata L.), measuring 14.1, 14.2 and 14.2 cm long and 5.6, 5.6 and 5.6 cm wide, respectively, and weighing 90 to 100 g were obtained from a local farm in Murcia (Spain). The Kolmogorov-Smirnov test proved that the selected fish had a statistically similar size. Specimens were kept in re-circulating seawater Six different skin regions were considered for the gathering of scales (Figure 1 ). The animals, one at a time, were anesthetized with MS-222 and carefully placed in a smooth surface where ten scales were extracted from each region using a pair of metal tweezers. Five scales per region were fixed in glutaraldehide and placed between a slide and a coverslip to be measured under light microscopy. The remaining five scales were rinsed with phosphate buffered saline PBS rich in penicillin, streptomycin and amphotericin B, before being placed in flasks with RPMI and sent for analysis under AFM. A Leica Z6 APO optical microscope (Leica Microsystems Ltd., Barcelona, Spain) was used to visualize the scale preparations and a Leica DC500 camera (Leica Microsystems S.L.U.) to take photographs of each of them. The resulting images of seabream scales were examined using the Leica QWin software (Leica Microsystems Ltd.). Scales' length was measured (being the length the diameter that crosses the scale from back to front), as well as the width (the distance between the two lateral fields), and the area. The aforementioned measurements were drawn in the images and the data were collected for comparison among regions. Since fish were chosen to be isometric, no standardization was thought necessary; additionally, Pearson's chi-square proved that there were no statistical differences among the sizes of fish. The values measured on the scales were statistically analyzed by Tukey's test to determine differences between the scales using Statistical Package for Social Science (SPSS for Windows; v19) and differences were considered statistically significant when p < 0.05.
An AFM JPK Nanowizard II ® (JPK Instruments, Berlin, Germany) was used for the atomic force microscopy measurements, in contact mode, always moving the silicon tip over the surface of the sample. The samples were held by squishing part of them between half a coverslip and a glass slide. Immobilization was proved to be enough to avoid movement during AFM measurement of the exposed part of the scale. Special care was taken to maintain samples wet during the fixation and measurement processes. Both sides of each scale were examined, and areas for the external side were chose to provide a general overview of the surface, including parts of circuli in the rostral field (Figure 4a ). Circuli were measured as shown in Figure 5a . Some areas close to the focus were also explored. In the internal side, two measurements were taken from the region close to the rim.
